We investigated in vitro and in vivo the optoacoustic responses of a silicon naphthalocyanine (SiNc), considered herein as a reporter molecule for optoacoustic imaging, elucidating its efficiency for optoacoustic (photoacoustic) signal generation and examined the in vivo performance achieved.
INTRODUCTION
Phthalocyanines are strongly colored macrocyclic compounds that represent a class of artificial pigments. Structurally related to porphirin, they share the tetradentate property and can complex metals. Interestingly, metal complexation as well as substitution on the benzene ring of the isoindole allow a red-shift of the absorbance spectra (1) . The family of molecules of interest herein, Naphthalocyanine, was built using benzoisoindole instead of isoindole blocks and exhibits a sharp and intense absorbance band in the near infra-red region of the spectra (700-900 nm). After light absorption, this family of molecules can react with triplet oxygen to produce singlet oxygen, a highly reactive and cytotoxic oxidant (2) . Based on photochemical reactions, photochemotherapy has been developed to selectively trigger tissue destruction in cancer (3) (4) or other pathologies such as psoriasis (5) . Following the arrival of Photofrin ® on the market in 1993 as the first FDA approved synthetic photothermal therapy agent, this class of molecules has been expanded with formulations used for topical and systemic administration modes (6) .
Refining the core structure of phthalocyanines, notably into naphthalocyanines (7-9), close derivatives of Photofrin ® , alongside adapted delivery vehicles enabled fine tuning of photochemical and pharmacodynamic properties, solved potential solubility issues common in this chemical class (10) .
Sensing of naphthalocyanines in vivo is important for understanding their bio-distribution in tissues and for determining administered dose and illumination parameters, as underlined by fluorescence imaging studies (6, 11, 12) . However, classical fluorescence imaging methods cannot resolve depth accurately with good resolution and cannot offer a complete picture of biodistribution, especially considering the generally low quantum yield of naphthalocyanines.
by TU Muenchen on January 7, 2015. For personal use only. jnm.snmjournals.org Downloaded from Interestingly, this low quantum yield, combined with a high absorption cross-section, make naphthalocyanines promising dyes for optoacoustic sensing. It was a hypothesis herein that optoacoustic imaging could offer an ideal modality to characterize naphthalocyanines in tissues, due to the high-resolution, three-dimensional imaging through several centimeters provided by optoacoustic methods. Optoacoustic imaging generates optical images by detecting the sound waves produced by photoabsorbers in response to their excitation with light of transient intensity (13, 14) . Consequently, we investigated the characteristics of silicon 2.3-naphthalocyanine bi(trihexylsilyloxide) (15-17) (SiNc, Fig. 1A ) in relation to its ability to generate optoacoustic signal. We were particularly interested in identifying the performance of SiNc over the more commonly employed Indocyanine Green (ICG), an organic fluorophore with a high molecular extinction coefficient. ICG is an FDA approved dye with high photoabsorbance but poor stability in vitro and in vivo and extremely rapid excretion (18) (19) (20) 
MATERIALS AND METHODS

Naphthalocyanine and Indocyanine Green Solutions Preparation
Silicon 2.3-naphthalocyanine bi(trihexylsilyloxide) (Sigma-Aldrich) was prepared as an emulsion of 10% Cremophor EL, 1% 1,2-propanediol and 1% dimethylformamide (16) (SigmaAldrich) in phosphate buffer saline pH 7.4 by sonication. Concentration of the initial preparation was estimated using the absorbance of the solution and using a molar extinction coefficient of 500 000 M -1 cm -1 at around 40 µM. ICG solutions were prepared using the same emulsion.
Reactive oxygen species measurements were performed anthracene-9,10-dipropionic acid (ADPA, Sigma-Aldrich) as a scavenger. An initial solution containing 1.5.10
of ADPA was prepared and used at a 5% dilution in the SiNc solutions for the phantom experiments.
Light Absorbance Measurements
Absorbance of the solutions was recorded on an OceanOptics CUV-UV + USB2000 spectrometer and processed with SpectraSuite (OceanOptics), using a cuvette with a 1 cm light pathway, and recording every 0.1 nm. Absorbance of solutions containing ADPA were recorded in a UV/Visible plate reader SpectraMax M2 e from Molecular Device, using a 96 well plate and recording absorbance every 1 nm.
Optoacoustic System
The experimental multi spectral optoacoustic system employed is custom built and has been previously described extensively (21) . Supplementary online materials contain an extensive description of the system characteristics. The optoacoustic images were reconstructed using an by TU Muenchen on January 7, 2015. For personal use only. jnm.snmjournals.org Downloaded from 7 interpolated matric model inversion image reconstruction algorithm. Spectral unmixing was applied to detect signals from contrast agents within the samples (22, 23) .
Phantoms Experiments
Cylindrical phantoms of 2 cm diameter were prepared using a gel made from distilled water, containing Agar (Sigma-Aldrich) for jellification (1.3% w/w) and an intralipid 20% emulsion 
RESULTS
Spectral Measurements
Fig.1 depicts the structure and absorption spectra of SiNc. Fig. 1B shows the absorption spectra obtained from SiNc by optical and optoacoustic measurements from the same solution.
Corresponding control measurements were obtained from black India ink and used for reference purposes compensating for possible laser energy fluctuation during the optoacoustic measurements. As shown in Fig 1B, India ink absorbance and optoacoustic spectra correlate closely at all wavelengths. The optical and optoacoustic spectra of SiNc display good correlation above 770 nm. However, in the lower wavelengths, the optoacoustic signal shows an elevated contribution compared to the optical measurements. Two absorption contributions at bands around 690 and 730nm can nevertheless be seen on both the optical and the optoacoustic signal intensity curve. Spectrum measurements obtained from ICG exhibited a similar response (Fig.   1B ). SiNc and ICG measurements were repeated multiple times at a SiNc concentrations ranging from 0.1 to 1 OD. In all cases the differences between SiNc spectra determined from the optical and optoacoustic signals were consistent (results not shown). As a negative control, a Cremophor E.L. emulsion devoid of any photoabsorber was measured in similar conditions and did not display light absorption or a bias of the optoacoustic signals compared to optical signals (results not shown). The repeatability of optoacoustic spectra was also examined, to investigate the effects and overall stability of the illumination energy, and is shown in Fig.2A .
SiNc Stability Measurements
As naphthalocyanines' reaction with oxygen is light-triggered, we investigated the behavior of a 0.5 OD SiNc emulsion in a light scattering phantom under pulsed laser illumination in the by TU Muenchen on January 7, 2015. For personal use only. jnm.snmjournals.org Downloaded from optoacoustic imaging system. Fig. 2B shows the evolution of the optoacoustic signal of a SiNc emulsion illuminated by pulsed laser light at 770 nm at energies ranging between 15 mJ and 80 mJ per pulse. At high energy settings (40 and 80 mJ), loss of signal can be seen, resulting in around 70% of the initial value after 1h of illumination. However, using only 15 mJ per pulse, no loss of optoacoustic signal was detected. At 80mJ, a similarly prepared ICG emulsion demonstrated faster photo-bleaching than SiNc, losing 60% of its initial optoacoustic signal after being illuminated for 1h at 800 nm. Transferring the emulsions into a spectrophotometer cuvette to obtain absorbance spectra after optoacoustic signal acquisition confirmed the findings, without any modification of the shape of the spectra (data not shown). Interestingly, at the same absorbance values (0.5 OD), ICG proves around 60% more efficient to provide optoacoustic signal than SiNc at the initial time point (0.27 a.u. compared to 0.16 a.u. respectively). However, given the increased stability of SiNc compared to ICG, its optoacoustic signal strength becomes comparable after 1 h of illumination.
Detection of SiNc in a Murine Subcutaneous Tumor Model
In order to evaluate SiNc in-vivo, we intravenously administered the dye emulsion in mice bearing a 1 cm diameter HT29 tumor. Fig. 3 shows MSOT images obtained from the tumor bearing mouse 5, 15, 30, 45 and 60 min after injection of SiNc. The distribution of SiNc was identified by spectral unmixing (24) applied to images obtained at multiple wavelengths. Fig.3A represents the pre-injection hemoglobin oxygenation map and depicts the anatomical features of a subcutaneous xenografted tumor. The main blood vessels (BV) feeding the tumor are indicated, as well as the tumor (Fig. 3A) . Fig 3B-F show an accumulation of the contrast agent in the core of the tumor and a clearance of the molecule from the blood vessels surrounding the tumor.
Since spectral unmixing allows for specific detection of SiNc based on its absorption spectra, the data were further processed to reveal the biodistribution of SiNc after i.v. injection. Fig. 4A depicts the optoacoustic spectra derived from SiNc in vivo in the tumor, overlayed with its optoacoustic spectra in a tissue mimicking phantom. The in vitro and in vivo optoacoustic spectra derived from the phantom measurements and in-vivo appear similar to each-other but not identical. The differences could be attributed to the sparse spatial sampling applied in-vivo and possibly spectral alterations due to the wavelength-depended light fluence distribution (24) .
Similarly to the observations in Fig.2 , Fig.4A also shows a discrepancy between the absorption spectrum measured by a spectrophotometer (dotted line) and the optoacoustic measurements.
While it is unclear why this discrepancy exists, it is also consistent after repeating the measurements multiple times and cannot be attributed to instrument calibration issues. 3F ). At the final time point of acquisition, we could still observe a presence of the SiNc preparation in the liver and kidneys of the animal (Supp. Fig. 1 ).
Generation of Reactive Oxygen Species in the Optoacoustic System
by TU Muenchen on January 7, 2015. For personal use only. jnm.snmjournals.org Downloaded from
As pulsed laser illumination at the maximum absorbance wavelength induced an energydependent gradual loss of signal in phantoms (Fig. 2B) , suggesting a generation of reactive oxygen species, we investigated the underlying physicochemical process of the apparent photobleaching. Fig. 5 shows that the light absorbance of Anthracene-9,10-dipropionic acid (ADPA) recorded in an optical spectrometer, after it was placed in solution with SiNc in a tissue mimicking phantom, decreases after 1h of illumination in the MSOT system at the maximum 
DISCUSSION
We investigated the suitability of silicon 2.3-naphthalocyanine bi(trihexylsilyloxide) (SiNc) to generate optoacoustic signals and then employed MSOT to monitor SiNc characteristics in vitro and in vivo. SiNc (16, 17) is an interesting dye for optoacoustic studies as it displays sharp absorption in the near-infrared (peak at 770 nm), a spectral region where light can penetrate several centimeters within tissues. A sharp absorbance change is beneficial for the identification of photoabsorbers, since they can then be resolved by wavelength scanning and differentiated from the spectral signatures of other (25) . In the particular case of SiNc, the absorbance change between 770 nm and 800 nm is remarkably steeper than with ICG, highlighting a beneficial feature of SiNc as a contrast agent for optoacoustic imaging. Measurements of the SiNc and ICG spectra showed a reproducible discrepancy between optical and optoacoustic observations in the 700-750nm wavelength region (Fig. 1B) . The spectra were acquired on the exact same solution, confirming that the SiNc was still in a monomeric state favored by the bulky axial silicon ligand, characterized by a sharp absorbance band at 770nm (16).
This result is unexpected. While methodology errors are a first suspect, there is no justification of system bias in these studies. Indian ink, a stable photoabsorber presenting a characteristically flat absorbance spectra, was incorporated alongside the SiNc and ICG measurements to control for system bias but did not exhibit any discrepancy in shorter wavelengths; excluding system and experimental faults.
Possible explanations can include influence of the silicon ligand inside of the complex dampening the optoacoustic effect of the π-π* transition resulting from the light absorption at 770 nm, leading to a lower apparent ultrasonic energy emitted and thus a flattened spectrum; or a comparatively much bigger influence of the small absorption peak located between 680 and 750 nm with higher energy pressure waves being emitted. Several other physical parameters that could have an influence on the shape have been investigated, in particular the scanning direction (longer to shorter or shorter to longer wavelengths), SiNc concentration and influence of Cremophor E.L. without tangible results. Only when changing the amount of energy used we could see a modification of the spectra which confirms a power related mechanisms (Fig. 2A ).
Light energy was found to also impact the stability of the SiNc, with a threshold for the decomposition located between 15 and 40 mJ per pulse (Fig. 2B) . Remarkably, even though the loss of signal due to light energy deposited on the sample was noticeable, it remained less marked than ICG at comparable concentration and thus justified the use of SiNc as a contrast agent able to provide a distinctive signature in the MSOT system with a 2.5 times higher molar extinction coefficient as ICG and less photobleaching (500 000 M Since the phthalocyanine-like complexes are known to display photodynamic reactions under high light energy, we hypothesized that this could explain at least in part the decrease in light absorbance of the solution after pulsed laser light exposition. The use of a reactive oxygen species (ROS) scavenger such as ADPA allows observation of the phenomenon by visible absorbance measurements after reaction with ROS, a behavior that could be clearly seen in our experimental conditions (Fig. 5) suggesting that 40 mJ energy per pulse was sufficient to trigger a photochemotherapy like mechanism, which we could not see in lower energy conditions. In our scattering phantom setup, that results in a total of approximately 100 J.cm -2 after 1 h of experiment. This data should be compared to the classical way of generating ROS species when using phthalocyanine derivative with a continuous wave laser, typically using 100 to 400 J.cm -2 (16) . It is however not straightforward to compare pulsed and continuous laser energy deposition, and further experiments will be performed to provide quantitative data using pulsed laser energy. In vivo, and under our parameters, the light fluence condition render the estimation of the amount of light received by the tumor difficult, so it is currently not possible to anticipate whether or not continuous illumination during the experiment would have proven to be sufficient to trigger the photochemotherapy effect on site.
SiNc proves to be a promising example of the phthalocyanine family to be used as a contrast agent for MSOT imaging. Its spectral properties, increased stability and increased optoacoustic signal generation per mole compared to ICG should push it toward the front scene of this new imaging modality purely for contrast generation at even lower light energy settings. Additionally, when taking into account another property of phthalocyanines, namely light-triggered ROS species generation, this family of polycyclic compounds exhibits promising application in the new field of theranostics, in this particular case a dual imaging -photochemotherapy approach.
MSOT was able to monitor this photochemical reaction between SiNc and oxygen in vitro, and provided access to the power dependent generation of ROS in real time. From then on, two possibilities of further development of naphthalocyanine exist for use in optoacoustic: firstly, by using non ROS-generating derivatives, a new organic "gold standard" contrast agent could become accessible. Secondly, by tailoring specifically the naphthalocyanine to capitalize on energy-triggered ROS production, a new approach of theranostic with real-time monitoring is made available with direct applicability in various conditions, in particular for photochemical destruction of cancer cells. Naphthalocyanines and related structures have seen a large number of molecules synthesized (6) , and a different screening approach based on optoacoustic-driven parameters could potentially benefit this new application field. It is anticipated that MSOT contrast agents will become a prominent research field in the coming years, and make use of the dual nature of the modality to exhibit unique theranostic properties and applications.
CONCLUSION
As optoacoustic imaging confirms its place as a pivotal modality in modern imaging techniques, the need for identification of efficient contrast generating agents becomes predominant.
Classically used contrast agents such as ICG and gold nanorods have significant drawbacks, be it instability or poor body tolerance. By investigating the potential of SiNc for optoacoustic imaging, we uncovered the significant benefits of the high molar extinction coefficient and sharp absorbance peak and its ease in identifying its distribution in vivo in a tumor model. Most notably, we showed that MSOT of SiNc was able to trigger the generation of reactive oxygen species at the highest energy settings, effectively enabling photodynamic therapy. Additionally, MSOT was able to monitor the kinetics of this reaction by estimating the amount of naphthalocyanine present in the image. We believe this will open the widow to real-time monitoring of the biodistribution of such an agent, while simultaneously enabling evaluation of its pharmacological activity and efficiency, bringing MSOT firmly into the theranostic field. 
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